vivo, and the expression of HAUSP was found to stabiHochstrasser, 1999; Pickart, 2001 ). Ubiquitin is a highly lize p53 in vivo and to promote p53-dependent cell conserved 76 amino acid polypeptide. Ubiquitin is joined growth arrest and apoptosis (Li et al., 2002) . These findto proteins by an isopeptide bond between the C-terings reveal an important and novel mechanism in which minal carboxylate group of ubiquitin and the lysine p53 degradation is prevented by direct deubiquitination ⑀-amino group of the acceptor protein. This process and imply that HAUSP might function as a tumor supdepends on the action of three classes of enzymes pressor in vivo through the stabilization of p53. HAUSP known as ubiquitin-activating enzyme (E1), ubiquitinis a mammalian UBP for which a specific substrate has conjugating enzymes (E2), and ubiquitin ligase (E3). been identified.
Conjugation by ubiquitin is critical for the control of
Here, we report the crystal structures of the 40 kDa many key regulatory proteins. Accordingly, ubiquitinacatalytic domain of HAUSP in isolation and in a complex tion is itself tightly regulated, and aberrations in this with ubiquitin aldehyde. We discuss the structural inpathway are known to lead to a variety of clinical disorsights into the catalytic mechanisms as well as the regulation of the UBP family of DUBs. We also present biochemical evidence on how HAUSP recognizes p53. 
Results
The HAUSP catalytic core domain, with a dimension of 75 Å ϫ 45 Å ϫ 40 Å , resembles an extended right hand comprised of three domains, Fingers, Palm, and Structure of the Catalytic Core Domain The full-length HAUSP protein (residues 1-1102) was Thumb ( Figure 1B) . The Thumb consists of eight ␣ helices (␣1-␣6, ␣9, and ␣10), with the N-terminal Cys Box expressed in baculovirus-infected insect cells and was purified to homogeneity (see Experimental Procedures).
adopting an extended conformation. The Palm contains eight central ␤ strands (␤3, ␤8-␤14), which are but-HAUSP exists as a monomer in solution as judged by gel filtration and is functional as evidenced by its ability tressed by two ␣ helices (␣7 and ␣8) and several surface loops. An anti-parallel ␤ sheet (␤8, ␤10-␤14), formed by to recognize and deubiquitinate p53 (data not shown). To define the domain boundaries in HAUSP, we emsix of the eight ␤ strands from the Palm, intimately packs against the globular Thumb and gives rise to an interployed an approach combining limited proteolysis by subtilisin, sequence alignment with other UBP family domain deep cleft. The Cys Box and the His Box are positioned on the opposing sides of this cleft (Figure members, and binding and deubiquitination assays. This characterization identified a 40 kDa fragment of HAUSP 1B). The Fingers, comprised of four ␤ strands in the center (␤1, ␤2, ␤4, and ␤7) and two at the tip (␤5 and (residues 208-560) as the catalytic core domain, which mediates ubiquitin binding and deubiquitination of sub-␤6), reach out more than 30 Å from the Palm-Thumb scaffold. strate.
To gain functional insights into the UBPs, we crystalThe three-domain structure of HAUSP creates a prominent binding surface between the tip of the Fingers and lized the catalytic core domain and determined its structure at 2.3 Å resolution using multi-wavelength anomathe Palm-Thumb scaffold. The size and shape of this binding pocket appear to be ideal for the 8 kDa protein lous dispersion (Table 1 and Figure 1A ). There are two molecules of HAUSP in each asymmetric unit; they exubiquitin ( Figure 1B) . Moreover, an orientation for the C terminus of a bound ubiquitin is implied by the connechibit an identical set of structural features and can be superimposed with a root-mean-square deviation tion of this binding surface with the deep catalytic cleft between the Palm and the Thumb ( Figure 1B , right im-(rmsd) of 0.6 Å for all C␣ atoms. Thus, we focus our discussion only on one HAUSP molecule (Figures 1B  age) . This region of the HAUSP surface is enriched with acidic amino acids. and 2). and Ubal. Thus, the binding of Ubal by HAUSP can be ( Figure 1C) Realignment of the Active Site Is Induced by Ubiquitin Binding For simplicity, we focus our discussion on one such complex ( Figure 3A) .
The active site of free HAUSP exists in an unproductive conformation ( Figure 1C ). Upon Ubal binding, structural As anticipated, Ubal binds to the putative substrate binding surface of HAUSP and makes extensive conelements surrounding the catalytic cleft undergo dramatic changes that realign the active site residues for tacts with both the Fingers and the Palm-Thumb scaffold ( Figure 3A) . The Ubal C terminus is bound in the deep productive catalysis ( Figure 4A ). Compared to the free HAUSP, Cys223 and His464 shift over a distance of 4.8 catalytic cleft between the Palm and the Thumb, with a and 2.4 Å , respectively, toward the bound C terminus secondary structural elements are maintained in the Fingers, the Palm, and the Thumb (Figure 2 ). This remarkof Ubal ( Figure 4A) . Consequently, the N ␦1 atom in the imidazole ring of His464 is now 3.6 Å away from the S ␥ able conformational flexibility may be essential to the specific deubiquitination activity of the UBPs. atom in the side chain of Cys223, close to a hydrogen bond distance. The stabilizing hydrogen bond between Another catalytic feature is the formation of the oxyanion hole, which refers to the accommodation of the His464 and Asp481 is preserved ( Figure 4A ). Although the conformational switch involves a distance change negative potential formed on the carbonyl oxygen atom at the scissile bond. Typically, the oxyanion is stabilized of more than 8 Å for regions of the catalytic cleft, there is no disruption of the overall structure and all of the by hydrogen bonds from the backbone amide group of the catalytic cysteine as well as from a neighboring Gln make two hydrogen bonds each to the HAUSP residues Lys378 and Asp380, Asp305 and Glu308, Ser341 and or Asn. It was previously unclear how the oxyanion is coordinated in UBPs. In the HAUSP-Ubal complex, the Tyr379, and Glu345 and Lys391, respectively (Figures 2  and 4D ). In this interface, the only van der Waals interacoxyanion that normally would form during catalysis is mimicked by the hydroxyl of the thiohemiacetal (i.e., the tions occur between Phe4 of Ubal and a hydrophobic pocket formed by Ile332, Leu373, Tyr379, and the alioxygen from Ubal residue 76). This group can accept two hydrogen bonds and is within hydrogen bond disphatic portion of the side chain of Lys391 in HAUSP ( Figure 4D ). tance of three potential donors, the backbone amide of Cys223 and Thr222 and the side chain of Asn218 ( Figure  All of the important HAUSP residues responsible for binding to Ubal are conserved among the seven aligned 4B). In addition, a nearby water molecule, supported by two direct hydrogen bonds from Asp482 and Asn218, UBP members (Figure 2) . Out of a total of 25 invariant residues among these proteins, 14 contribute directly further neutralizes the negative potential of the oxyanion ( Figure 4B ). This network of hydrogen bonds is further to the specific recognition of ubiquitin. For example, Asp295 and Glu298 on helix ␣5, His456 on strand ␤10, buttressed by an additional intra-molecular contact between the side chains of Asp482 and Asn226. and Tyr465 on strand ␤11, all invariant among the seven UBP proteins (Figure 2) , make direct hydrogen bonds to Significantly, residues that are involved in the coordination of the oxyanion are highly conserved among all coordinate the C terminus of Ubal. Lys391, an invariant residue on strand ␤7 of the Fingers, mediates both direct members of the UBPs (Figure 2 ). For example, Asn218 and Asp482 are invariant among the seven representahydrogen bond (to Thr66) as well as van der Waals contacts (to Phe4 of Ubal). The invariant Phe409 and highly tive UBP proteins whereas Asn226 is present in six members and is replaced by Ser in UBP8 (Figure 2 ). This conserved Arg408 form part of the hydrophobic pocket to hold Leu71 and Leu73 of Ubal. This analysis solidifies analysis suggests a conserved mechanism for all UBPs in the formation of the oxyanion hole and catalysis. The the notion that all UBPs share conserved mechanisms of ubiquitin binding and catalysis. In addition, these obactive site geometry of the Ubal-bound HAUSP closely resembles that of the papain family of cysteine proteservations further support the generality of the observed Fingers-Palm-Thumb architecture of the UBPs.
ases (Rawlings and Barrett, 1994).

Mutational Analysis Specific Interaction between HAUSP and Ubal
To corroborate our structural studies, we assayed deuUbal primarily contacts two regions of HAUSP, the tip biquitination in vitro using Lys48-linked diubiquitin as of the Fingers and the catalytic cleft region between the the substrate. Quantitative assays (see Experimental Palm and the Thumb ( Figure 3C ). The C terminus of Ubal Procedures) with subsaturating substrate (i.e., [S] ϽϽ is primarily coordinated by a network of 12 hydrogen Km) established that the HAUSP catalytic domain and bonds between the main chain groups of Ubal and the full-length HAUSP cleave diubiquitin with similar rates main chain and side chain atoms of HAUSP ( Figure 4B ).
(k cat /K m ϭ 13 and 18 min Ϫ1 mM Ϫ1 , respectively). To probe Notably, all backbone carbonyl carbon and amide nitrothe functional significance of the residues in the catalytic gen atoms in the C-terminal five residues of Ubal are cleft, we performed alanine-scanning mutagenesis on involved in direct hydrogen bonds to neighboring resi-29 amino acids in the Palm and the Thumb domains of dues in HAUSP ( Figure 4B) . the HAUSP catalytic domain. All 29 mutant proteins were In addition to hydrogen bonds, inter-molecular van purified to homogeneity and were individually examined der Waals contacts also contribute to the specific recogfor their activity in a semiquantitative in vitro assay; nition of the C terminus of Ubal. The two hydrophobic some relevant results are shown ( Figure 4E ). As anticiresidues in the C terminus of Ubal, Leu71 and Leu73, pated, whereas the wild-type enzyme was able to reduce point into the catalytic cleft by making direct van der the substrate to mono-ubiquitin, mutation of any of the Waals contacts to the surrounding HAUSP residues catalytic triad residues (Cys223, His464, and Asp481) (Phe409 and Tyr411 on the newly formed strand ␤0, or residues that comprise the oxyanion hole (Asn218, Lys420 on strand ␤0Ј, and Tyr514 on strand ␤14) (Figures Asn226, and Asp482) resulted in an undetectable level 2 and 4C). In contrast, the two positively charged resiof catalytic activity ( Figure 4E ). In addition, mutation of dues in the C terminus of Ubal, Arg72 and Arg74, point His456 or Asp295, which hydrogen bonds to the carup into the open space away from the cleft. Only Arg72 bonyl of Arg74 or the amide of Leu73 of Ubal, respechydrogen bonds to Glu298 of HAUSP. The last two resitively, also led to undetectable activity. In contrast, mudues of Ubal, Gly75 and Gly76, fit in the narrowest region tation of any of the four solvent-exposed residues of the catalytic cleft between the Palm and the Thumb.
(Asp289, Gln293, Asp483, and Tyr514) had little effect The space surrounding the backbone C␣ atoms of these on the deubiquitination activity of HAUSP ( Figure 4E ). two glycine residues is insufficient to accommodate any Two residues, Gln230 and Tyr224, contribute to the other side chain, consistent with the specific function structural integrity of HAUSP by making contacts to of the UBPs. surrounding residues; their mutations also resulted in On the other side of the HAUSP-Ubal interface, resiloss of activity ( Figure 4E ). These results are in complete dues at the tip of the Fingers also make important contriagreement with our structural analysis. butions to the binding of Ubal. These interactions, including 12 direct hydrogen bonds and one patch of van der Waals contacts (Figure 2) , primarily involve the Structural Comparison with UCH and ULP To reveal common features of catalysis and substrate N-terminal residues of Ubal as well as a few amino acids in the middle stretch. Gln2, Lys48, Glu64, and Thr66 binding, we superimposed the structure of the HAUSP- Figure 6A ). oxyanion is also partially stabilized by similar residues in the same general area, Asn218 in HAUSP and Gln84
To identify the minimal sequence requirement in p53, we generated a number of deletion variants and assayed in Yuh1. This analysis indicates that hydrolysis of bound substrates by the UCHs and the UBPs is likely to employ their interaction with HAUSP (53-208) using gel filtration ( Figure 6B ). Neither the DNA binding core domain nor the same mechanism. However, important differences in the active site geometry exist prior to substrate bindthe oligomerization domain of p53 was required for the formation of a stable complex with HAUSP. Rather, a ing. For Yuh1, the active site residues are unlikely to undergo any significant conformational change during C-terminal 32-residue peptide of p53 (351-382) contained the determinants for the interaction with HAUSP catalysis as the Ubal-bound conformation is nearly identical to that in the unliganded structure of another UCH (Figures 6B and 6C) . In particular, a short 11-residue peptide stretch (357-367) of p53 plays a critical role member, UCH-L3 (Johnston et al., 1997) . In the case of HAUSP, a dramatic structural shift involving the active in binding to HAUSP as removal of this sequence to generate p53 (325-356) eliminated the interaction with site residues takes place upon Ubal binding ( Figure 4A) .
The surprisingly large differences between the struc-HAUSP ( Figure 6B ). These analyses demonstrate that the N-terminal domain ( First, the HAUSP p53-recognition domain must be in and processed using the software Denzo and Scalepack (Otwinowski and Minor, 1997).
